ABSTRACT This work explores the proton/hydroxide permeability (P Hþ/OHÀ ) of membranes that were made of synthetic extremophile-inspired phospholipids with systematically varied structural elements. A fluorescence-based permeability assay was optimized to determine the effects on the P Hþ/OHÀ through liposome membranes with variations in the following lipid attributes: transmembrane tethering, tether length, and the presence of isoprenoid methyl groups on one or both lipid tails. All permeability assays were performed in the presence of a low concentration of valinomycin (10 nM) to prevent buildup of a membrane potential without artificially increasing the measured P Hþ/OHÀ . Surprisingly, the presence of a transmembrane tether did not impact P Hþ/OHÀ at room temperature. Among tethered lipid monolayers, P Hþ/OHÀ increased with increasing tether length if the number of carbons in the untethered acyl tail was constant. Untethered lipids with two isoprenoid methyl tails led to lower P Hþ/OHÀ values than lipids with only one or no isoprenoid tails. Molecular dynamics simulations revealed a strong positive correlation between the probability of observing water molecules in the hydrophobic core of these lipid membranes and their proton permeability. We propose that water penetration as revealed by molecular dynamics may provide a general strategy for predicting proton permeability through various lipid membranes without the need for experimentation.
INTRODUCTION
Acidophilic archaea have adapted to thrive in environments with very low pH (1) . These organisms often rely on the acidity of their habitats to survive; archaea of the Picrophilus family, for example, have an optimal exterior pH of 0.7 and cannot grow above pH 3.5 (2) . A large pH gradient (DpH) across the cell membrane is necessary both to maintain a near-neutral internal pH and to drive vital cell functions such as energy transduction with membrane-bound ATPases, which use proton flux driven by DpH to drive ATP production (3, 4) .
Acidophiles have evolved a number of mechanisms to maintain a gradient of several pH units across the cell membrane. To begin with, many such organisms express a variety of active transport systems to pump protons out of the cell (4-6); genetic evidence suggests that some form of proton efflux system exists in all acidophiles whose genomes have been sequenced (4) . Additionally, unlike cells that grow in pH neutral environments, many acidophiles display a positive membrane potential that opposes proton influx (4) . Finally, the cell membrane itself is often composed of lipids with unique structural characteristics thought to reduce proton permeability (4, 7) . These lipids usually contain ether bonds connecting the head glycerol group to the tails, increasing their chemical stability and potentially inhibiting the formation of transient hydrogen-bonded water chains compared to the ester bonds in standard phospholipids (8) . Archaeal lipid tails often contain methyl branches in a repeating isoprenoid pattern, as well as cyclopentane and cyclohexane rings. Most unusually, many acidophile lipids are membrane-spanning structures with two tethered hydrophilic headgroups; typically, these are macrocycles with two tethering alkyl chains, but some have one tether and one free-hanging tail attached to each headgroup (9) . Both the tethered/untethered ratio (10) and ring count (11) (12) (13) of lipids in thermoacidophilic archaea have been shown to increase with culture temperature, implying that these adaptations and the related biosynthetic pathways are related to heat stability (10, 11) . In addition, membranes formed from extracts of archaeal lipids are more resistant to DpH relaxation than those formed from Escherichia coli extracts even at room temperature (7) .
Passive permeation of protons across membranes in aqueous systems is mechanistically different and significantly faster than permeation of other polar or charged molecules, although the exact mechanism is still not known. In this context, it is important to note that discussion of ''proton permeation'' actually represents a discussion of the permeation of protons, hydroxide ions, or both, as it is practically impossible to distinguish between a flux of protons in one direction and a flux of hydroxide ions in the other. The proposed modes of H þ /OH À flux that have historically received the most attention tend to rely on the ability of protons to ''hop'' between hydrogen-bonded water molecules, an idea first described by de Grotthuss in 1805 (14) . Despite this long history, the specifics of this mechanism are still being resolved (15) , but most membrane H þ /OH À permeation models propose the formation of short-lived clusters or wires of water across the membrane (16) (17) (18) . Paula et al. presented data consistent with this model in systems of liposome membranes with thin hydrophobic regions (<3.1 nm), whereas thicker hydrophobic regions (R3.4 nm) were better described by a solubility-diffusion mechanism involving H 9 O 4 þ (19) . In 2010, Nichols and Abercrombie proposed a five-step ''transmembrane condensation model'' in which a proton and a hydroxide anion spontaneously appear on either side of a membrane and interact electrostatically across the membrane; in rare cases, one species or the other overcomes its Born energy barrier and penetrates into the hydrophobic core, likely in the form of a cluster of water molecules (rendering it potentially consistent with the transient water wire hypothesis) (20) . Whatever the mechanism, the permeation of protons or hydroxide ions is conventionally described by a permeability coefficient, P Hþ/OHÀ, in units of cm s À1 , defined by Fick's law (Eq. 1): In an attempt to obtain consistent readings of this notoriously fickle parameter, we have optimized an established liposome-based assay for P Hþ/OHÀ developed by Paula et al. that tracks the fluorescence decay of an encapsulated pH-sensitive dye in response to a step change in the external pH (19) . To this end, we have developed a fitting procedure that incorporates empirical measurements of buffering activity and fluorescent response to pH taken during an internal calibration into an algorithm that fits the entire decay curve obtained during each experiment. We have also determined a concentration range in which the ionophore valinomycin is selective for K þ over H þ to eliminate the membrane potential that would arise from imposing a concentration gradient on a system with a single mobile ion while minimizing possible artifacts in the measured H þ /OH À permeability due to valinomycin-induced proton flux.
To make this study possible, we synthesized a series of extremophile-inspired lipids composed of two glycerophosphocholine heads connected by a membrane-spanning n-alkyl tether with each head ether-bonded to a phytanyl chain (T28, T32, and T36 (Fig. 1, A-C) ), as well as several untethered lipids (U16, 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (Di-O-PhyPC), 1,2-diphytanoyl-snglycero-3-phosphocholine (DiPhyPC), and POPC (Fig. 1 , D-G)) to seek answers to our questions about structurepermeability relationships of liposomes from pure lipid preparations at room temperature: First, how does the presence of a single tether between two lipid headgroups affect P Hþ/OHÀ compared to the absence of a tether? Second, how does the length of the tether affect H þ /OH À permeability when the lengths of the untethered phytanyl chains are kept constant at 16 carbons? And third, how does the P Hþ/OHÀ of an untethered lipid with a repeating isoprenoid methyl motif on one of its tails compare to that of a lipid with the methyl groups on both tails?
MATERIALS AND METHODS
The lipids shown in Fig. 1 , A-D, were synthesized as shown in the Supporting Material (Sections S3 and S4). POPC, DiPhyPC, and Di-O-PhyPC were from Avanti Polar Lipids (Alabaster, AL); pyranine was from SigmaAldrich (St. Louis, MO).
Preparation and sizing of unilamellar liposomes
We formed a homogeneous lipid film on the bottom of a 10 mL round-bottom flask via gentle rotary evaporation of a 1 mL solution of lipid in chloroform (10 mM for lipids with one headgroup and 5 mM for bipolar lipids). We hydrated the film with 1 mL of a buffered aqueous solution containing 50 mM pyranine, 50 mM K 2 SO 4 , 10 mM N-(2-acetamido)-2-aminoethanesulfonic acid, 10 mM 2-(N-morpholino)ethanesulfonic acid, 10 mM N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, and 10 mM tricine, pH 7.25, and heated the flask to 37 C in a water bath for R3 h. After transferring the resulting solution of liposomes to an Eppendorf tube, we performed 15 freeze-thaw cycles in which we alternated between flashfreezing the solution in liquid nitrogen for 30 s and thawing it in a water bath at 45 C for 3 min. Exercising care to avoid the formation of bubbles, we pushed the solution seven times through a polycarbonate membrane with pores of known diameter with a mini-extruder (Avanti Polar Lipids). We obtained the resulting size distribution of liposomes within the solution via dynamic light scattering (DLS) using a 90Plus particle sizer (Brookhaven Instruments, Holtsville, NY). We then pushed the liposome solution another 21 times through a polycarbonate membrane with pores of a diameter below the smallest diameters of the size distribution shown on the DLS readout (we usually used 80 nm pores) to minimize the probability of liposomes crossing the membrane without breaking into smaller vesicles, thereby maximizing the probability of obtaining a homogeneous solution of unilamellar liposomes (27) . We determined the new size distribution using DLS and used the mode of the distribution to calculate the radius used in the fitting equation. We also determined via DLS that liposomes formed in this way did not undergo significant changes in size distribution for at least 3 days.
Optimized fluorescence-based permeation assay
We removed all extravesicular pyranine by running the liposome solution sequentially through two PD-10 desalting columns (GE Healthcare, Little Chalfont, United Kingdom) with an eluent identical to the incubation buffer solution but without pyranine, collecting fractions of 1 mL each. We found that using one desalting column was insufficient and resulted in a significant concentration of pyranine remaining outside the vesicles. We transferred a 1 mL fraction containing liposomes to a cuvette, then added 1 mL of a solution of valinomycin (10 mM in dimethylsulfoxide (DMSO)) to reach a final concentration of 10 nM and mixed by gentle pipetting.
After 30 min, we measured the extravesicular pH of the solution with a calibrated Orion 5-Star pH meter (Thermo Scientific, Waltham, MA). We used a Fluorolog spectrofluorometer (Horiba Jobin Yvon, Edison, NJ) to collect fluorescence measurements over time. Every 2.5 s, the instrument collected one pH-invariant fluorescence intensity value by exciting the sample with a wavelength of 415 nm and collecting emission at 510 nm and one pH-dependent value by exciting at 450 nm and collecting at 510 nm (excitation and emission band pass, 1 nm; integration time, 0.5 s). Before imposing the DpH, we collected an initial fluorescence measurement for 30 s to ensure that no discernible change in the fluorescence intensity was occurring over time at either excitation wavelength. We then added 10 mL of an aqueous solution of H 2 SO 4 (250 mM) to the cuvette, mixed by pipetting up and down, and began collecting fluorescence data as quickly as possible, recording the duration that passed between acid addition and the start of fluorescence data collection. This addition of acid induced a pH change from 7.25 to~6.75.
After the resulting fluorescence decay curve had been recorded, we added 0.67 mL of a solution of the protonophore nigericin in ethanol (100 mM) to render the vesicle membrane permeable to protons, mixed by pipetting up and down, measured and recorded the pH with a pH meter, and continued to record the fluorescence. We then proceeded to add five ''calibration jumps'' of 2 mL aqueous KOH solution (500 mM), measuring the pH and recording the fluorescence until a stable baseline was reached before moving to the next jump. The final pH of the vesicle solution was~7.25.
After data collection was complete, we modified the time values of the fluorescence curves to reflect the delay between acid addition and the start of the fluorescence data and added a point at t ¼ 0 corresponding to the initial fluorescent value measured before the pH jump. We then made scatter plots from the data collected during calibration, relating the pH, the ratio of the fluorescence intensities, I 450 /I 415 , and the added acid concentration, [H þ ] cross ; we fit these plots with exponential functions to obtain empirical fitting parameters A 1 , A 2 , x 1 , x 2 , y 1 , and y 2 ( Fig. 2 , B and C). Finally, we plotted I 450 /I 415 versus time and fit the decay portion of the curve up to the addition of nigericin with Eq. 2 (derived in the Calculation section) (Fig. 2 A) :
where [
is the exterior proton concentration during the main decay phase, obtained from the pH measured after nigericin is added;
, and y 2 (unitless) are the empirical fitting parameters from the calibration fits ( Fig. 2 , B and C, explained in Calculation); C (mol m
À3
) is a constant of integration; P Hþ/OHÀ (m s À1 ) is the H þ /OH À permeability; r (m) is the most probable liposome radius as determined by DLS; and t (s) is time.
The parameters C and P Hþ/OHÀ are allowed to vary during fitting.
Atomic force microscopy on lipid monolayers
Liposomes composed of T28 and T36 were prepared by adding 10 mL of each lipid ( 
(A) Lipid with a tether length of 28 carbons (T28). (B) Lipid with a tether length of 32 carbons (T32). (C) Lipid with a tether length of 36 carbons (T36). (D) Untethered lipid equivalent to half of T32 (U16). (E
round-bottom flasks and removing the solvent by rotary evaporation; the lipid films were dried under high vacuum for~1 h. An aqueous solution of 150 mM KCl and 10 mM HEPES at pH 7 was added to resuspend the lipids to a final lipid concentration of 0.1 mg/mL. The suspension was then incubated in a water bath at 50 C for 30 min. The solutions containing lipids were sonicated for 5 min to form liposome suspensions. The solutions were added to a mica substrate and incubated for 1 h. The liposomes were fused and ruptured on the mica substrate (28) (29) (30) . To remove excess liposomes, the mica surfaces were rinsed 10 times with a 150 mM KCl solution.
Samples were imaged by multimode atomic force microscope using a Nanoscope IV controller (Bruker, Santa Barbara, CA). The tapping-mode images were acquired using silicon nitride cantilever tips submerged in buffer. A resonance frequency of~8 kHz and drive amplitude under 100 mV were used (Asylum Research, Santa Barbara, CA). Nanoscope software was used for depth analysis to estimate the height of the lipid membranes.
Molecular dynamics simulations
The structural models for the archaea lipids were constructed and minimized using Maestro (Schrödinger LLC, New York, NY). The modeled lipids all had an all-trans conformation along the hydrocarbon chain. The single lipid was then translated and rotated along the x and y directions to build a smaller model membrane system comprising 81 lipids. Upon running equilibration simulations (50 ns) on this smaller membrane model, the equilibrated small membrane model was replicated in the x and y axes to build a bigger membrane model of 729 total lipids (1458 in the case of U16). The dimensions of the bigger membrane models were in the range of 200 Â 200 Â 50 Å on average across the different membrane models. Visual molecular dynamics (VMD) (31) was used to make the translations and rotations of lipid in building the membrane. For POPC, we used the built-in membrane tool in VMD and produced a membrane of 1458 total lipids to match the sizes of the other systems. The simulation data from these larger membrane models were used for all subsequent simulations and calculations.
MD simulations for all membrane systems were performed for 100 ns after equilibration at pH 7, 300 K, and an ionic strength of 50 mM under the isothermal-isobaric (NpT) ensemble. The temperature was maintained by using the Nosé-Hoover chain method and the pressure was maintained at 1 atm. All the simulations were carried out using NAMD (32) in explicit water using TIP3P water models. The CHARMM36 lipid force field was used with a 10 Å cut-off for van der Waals with an 8.5 Å switching distance, and particle-mesh Ewald for long-range electrostatics. Analysis was carried out in the final 50 ns of the simulation.
All postsimulation trajectory analyses were carried out using R (http:// www.R-project.org). The bending rigidity, k c , was determined by decomposing the fluctuation in membrane height, h h q 2 i, in terms of the wave 
To identify water in the core of the membrane, we chose to look for water molecules that penetrated past the ether or ester oxygens of the headgroups and into the carbon-rich region. Since the membranes fluctuate in height, we did this search in a grid fashion across the full membrane surface and summed the results. The distributions of water numbers were all consistent with a Poisson process with p-values between 0.26 and 1 from a Kolmogorov-Smirnov test (500 data points each). The mean water per snapshot and its standard error were determined by maximum-likelihood expectation fit of the observed distribution to a Poisson distribution, again using R. Water clusters were defined as groups of two or more water molecules within the hydrophobic core that were within 5 Å of each other.
Calculation of H
The permeability of a membrane to a solute is defined by Eq. 1. In spherical systems such as liposomes, the flux can be related to the time derivative of the internal concentration by Eq. 3 for most solutes: (Fig. 2 B) can be fit well (p < 0.0001) with an exponential growth function with fitting parameters A 1 , x 1 , and y 1 which, when inserted into Eq. 4, yields Eq. 5: 
where C is a constant of integration. To obtain the final fitting formula, we substitute this equation (Fig. 2 C) (19) . We took advantage of the ratiometric quality of pyranine, a membrane-impermeant fluorophore whose fluorescence emission intensity at 510 nm varies with pH at an excitation wavelength of 450 nm but not at an excitation wavelength of 415 nm, making it possible to control for variations in dye concentration between liposome preparations by tracking the ratio between the wavelengths rather than a raw intensity value. Rossignol et al. used this property of the dye in 1981 (37), as did Grzesiek and Dencher in 1986 (36), but most studies using pyranine since then have neglected it (7, 19, 26, 38 (46, 47) . We decided to experimentally establish an appropriate valinomycin concentration for the system by measuring the H þ /OH À permeability of POPC vesicles at different valinomycin concentrations. Our goal was to find a range in which liposomes would exhibit P Hþ/OHÀ values higher than in the absence of valinomycin, indicating that the buildup of a membrane potential accompanying H þ diffusion was being successfully prevented via K þ diffusion, but in which P Hþ/OHÀ was independent of the valinomycin concentration, since a positive dependence would indicate protonophoric activity. As valinomycin is poorly soluble in water, we added it to liposome solutions via concentrated aliquots in DMSO; the resulting plot of P Hþ/OHÀ versus valinomycin concentration is shown in Fig. 3 . We chose DMSO as a solvent rather than ethanol (used in Paula et al. (19) ), because DMSO has a smaller effect on P Hþ/OHÀ (Fig. 3, leftmost data points) . The H þ /OH À permeability increased from the baseline value after the addition of just 10 fM valinomycin and plateaued with increasing valinomycin concentrations until a point of inflection was reached around 100 nM, at which point P Hþ/OHÀ began to increase dramatically in the presence of more valinomycin. We selected a valinomycin concentration of 10 nM for all subsequent experiments.
Systematic variation of a series of archaeainspired lipids
We explored the effect of transmembrane tethering, tether length, and the presence of isoprenoid methyl groups on one or both lipid tails on the P Hþ/OHÀ values through liposomes formed from a series of synthetic lipids with small systematic structural variations. T28, T32, and T36 have an unbranched, saturated alkyl tether linked via ether bonds to two glycerophosphocholine headgroups that each have one phytanyl tail of 16 carbons (Fig. 1, A-C) . The lipid U16 (Fig. 1 D) is untethered and has a 16-carbon straight chain attached to the headgroup in place of the tether; it is structurally equivalent to half of T32. The commercially available lipid Di-O-PhyPC (Fig. 1 E) differs from U16 only insofar as it has two phytanyl chains instead of one phytanyl and one n-alkane acyl chain. DiPhyPC (Fig. 1 F) is identical to Di-O-PhyPC except that the phytanyl chains are attached to the headgroups with ester rather than ether linkages. Fig. 4 compares H þ /OH À permeability The entropy values of untethered lipids U16, DiPhyPC, and POPC were multiplied by 2 for comparison to the tethered lipids. values for tethered and untethered archaea-inspired lipids alongside those gathered for POPC (Fig. 1 G) .
of tethered lipids increases with tether length
The P Hþ/OHÀ permeability results from the lipids T28, T32, and T36 indicate that liposome membranes become more permeable to protons as tether length increases if the length of the untethered acyl chain is kept constant (Table 1) . A Tukey honest significant difference test comparing the log-transformed P Hþ/OHÀ values of these three lipids found the mean H þ /OH À permeability of liposomes composed of T28 lipids to be significantly smaller (p ¼ 0.01) than that of T36 liposomes. As in prior research studies (19), we used log-transformed values for all statistical comparisons, because the populations of measured P Hþ/OHÀ values failed tests of homogeneity of variance (Levene's, p ¼ 0.002; Brown-Forsythe, p ¼ 0.02) unless the values were log-transformed (Levene's, p ¼ 0.72; Brown-Forsythe, p ¼ 0.75).
Results from MD simulations
In an attempt to gain insight into the molecular differences that may affect proton permeability through membranes, we conducted MD simulations of membranes composed of each lipid (except Di-O-PhyPC) to measure structural parameters such as membrane thickness, area per lipid, lateral diffusion coefficients, conformational entropy, and bending rigidity. Table 1 shows the results from MD simulations for these lipids; they agree well with experimentally measured values.
For instance, the lateral diffusion coefficients D 2 determined by MD simulations were strongly correlated with lateral diffusion coefficients (D L ) measured by fluorescence recovery after photobleaching (FRAP) experiments on supported lipid bilayers of the same six lipids (Table 1 , Pearson correlation coefficient, r ¼ 0.95 with p ¼ 0.004). Additionally, the thicknesses of T28 and T32 membranes as measured by atomic force microscopy (AFM) were 0.5 to 0.6 nm larger than those determined by MD, which falls within the literature range for the thickness of the expected water layer between lipids and the underlying mica substrate used for AFM measurements (0.4-1.7 nm) (Fig. S1 ) (48, 49) . Previous studies that compared bilayer thickness defined by AFM for POPC and DiPhyPC with the MD data also reported water layer thicknesses in this range (Table 1) (50,51) . Further, the area-per-lipid values obtained from MD for POPC and DiPhyPC are within 3% of literature values obtained by Ku cerka et al. from small-angle x-ray and neutron scattering (52) .
The experimentally measured H þ /OH À permeability in monolayers of tethered lipids increased with increasing tether length (T28, T32, and T36). The results from MD simulations, reported in Table 1 , reveal that membrane stiffness decreases and lipid entropy increases with increasing lipid tether length, as well. Shinoda et al. and Haines each propose that crowding in the hydrocarbon core of membranes reduces proton leakage (53, 54) . In the tethered lipids, the two untethered phytanyl chains have a combined length of 32 methylene groups-four carbons longer than the T28 tether and four carbons shorter than the T36 tether; the differences in P Hþ/OHÀ may be attributable to increased hydrocarbon crowding in T28 and the presence of a ''gap'' in T36. Therefore, the observed reduction in proton permeability in the sequence of membranes from T36 lipids to T32 lipids to T28 lipids could be a result of the increasing crowding, order, and stiffness of the hydrophobic region of the membranes.
MD simulations also reveal that despite the hydrophobic nature of the membrane core, water molecules regularly enter this region, as found previously in the literature (55-60) (see Fig. S2 ). Defining a penetration event as an instance when a water molecule moves past the ether or ester oxygen of the nearest lipid into the hydrophobic region, we found penetration frequencies of 8 Â 10
À3 to 1.6 Â 10 À2 nm À2 ns À1 . These values are similar to the water penetration frequencies reported by Krylov et al. from MD simulations of DOPS, DPPC, and DOPC membranes, which ranged from 3.5 Â 10 À3 to 4.3 Â 10 À2 nm À2 ns À1 (60). (We note that this discussion is limited to the penetration of water molecules into the hydrophobic region of the membrane rather than water permeation all the way through the bilayer.) The number of water molecules is consistent with a Poisson process, implying that the entry of a given water molecule is independent from that of other water molecules. Quantifying the entry of water molecules into the hydrophobic core in all six simulated membranes (including three untethered lipids, Table 2 ) revealed that log P Hþ/OHÀ correlated with the total number of water molecules that spontaneously entered the membrane over 50 ns (Pearson coefficient, r ¼ 0.86; p ¼ 0.027). A better correlation was found between log P Hþ/OHÀ and the number of observations with at least three water molecules residing anywhere in the hydrophobic core of the membrane (Pearson coefficient, r ¼ 0.99; p ¼ 0.0003; Fig. 5 A) .
Although we would not expect the distribution of water molecules to be uniform throughout the volume of the hydrophobic core of the lipid membrane (the probability should fall off with increasing distance from the headgroup into the core (60)), it should be roughly uniform across the surface area of the membrane. Thus, the probability of finding two water molecules in the vicinity of the same lipid headgroup would be inversely proportional to the number of headgroups, which for all of our simulated membranes would be 1/1458 or~0.07%. If we take the T28 membrane as an example, we find 59 instances of 2 or more water molecules anywhere in the membrane in our simulations (data taken at 0.1 ns intervals over 50 ns, i.e., 500 observations); this value approximates the expected value of 63.3 from the corresponding best-fit Poisson distribution. Interestingly, in 17 of these 59 instances, water molecules were located within 5 Å of each other; we define this condition as a water cluster. This observed clustering probability of 28% is well above the expected 0.07%, leading us to conclude that although water molecules appear to enter the hydrophobic core independently, they have a strong tendency to cluster after entry. As shown in Fig. 5 B, the number of observed water clusters also correlates well (Pearson coefficient, r ¼ 0.88; p ¼ 0.022) with the measured proton permeability; this observation is consistent with prior observations in the literature (18, 39, 54, 61) .
Indeed, the formation of water chains or clusters is thought to be a primary mechanism for proton shuttling across the membrane (53) , and although our simulations were not long enough to capture water chains that span the entire membrane thickness, we do see the formation of nascent clusters with multiple water molecules (Fig. 5 C) . Previous MD simulations made similar observations and ultimately concluded that the clustering of water molecules is relevant for the permeation of protons but not water and that the presence of phytanyl groups would serve to disrupt water clusters and decrease proton permeability (54) . Experimental studies using FTIR spectrometry similarly found that the formation of water clusters within the membrane depended strongly on the acyl chain composition (62) . Taken together, these results support the idea that water entry and clustering in the hydrophobic core are both relevant metrics for proton permeation. We caution, however, that although the likelihood that this correlation was a result of random chance is very low, this relationship will have to be tested with additional lipids, given the large uncertainty in the measured proton permeabilities and the limited number of six data pairs in the correlation analysis. We are currently trying to expand the number of tested lipids, however, the synthesis of archaeainspired lipids is extremely work intensive, and MD simulations are time intensive, requiring a separate follow-up study.
Tethered and untethered lipids are equally H D /OH À permeable at room temperature Interestingly, tethering itself did not seem to affect H þ / OH À permeability in our measurements. To observe the effects of tethering, we compared P Hþ/OHÀ values from membranes composed of U16 and T32, since T32's structure is identical to two U16 lipids bonded together at the terminal carbons of their unbranched chains (Fig. 1, B  and D) . A two-tailed Student's t-test comparing the logtransformed permeability values of T32 and U16 vesicles (Table 1) showed that they were not significantly different (p ¼ 0.46); the spread of the U16 P Hþ/OHÀ values fell entirely within the spread of the T32 P Hþ/OHÀ values. It is worth noting, however, that we conducted all our experiments at room temperature. Komatsu and Chong found that the H þ /OH À permeability of doubly tethered lipids isolated from Sulfolobus acidocaldarius was relatively invariant with respect to temperature from 25 to 80 C, whereas P Hþ/OHÀ values from standard (untethered) eggPC lipids increased dramatically with increasing temperature. The P Hþ/OHÀ values from the two membrane compositions were comparable at room temperature but diverged greatly at higher temperatures (63).
Isoprenoid methyls decrease H
Based on a two-tailed Student's t-test comparing log-transformed P Hþ/OHÀ values, the mean permeability of liposomes from Di-O-PhyPC lipids was lower (p ¼ 0.059) than that from U16 lipids ( Table 1 ). Given that U16 and Di-O-PhyPC only differ structurally by the presence or absence of isoprenoid methyl groups on one lipid tail, this result agrees with previous findings that this motif lowers H þ /OH À permeability (8) . Most lipids characteristic of acidophilic archaea display the isoprenoid methyl motif on both acyl chains (1).
Possible reasons for variability in measured P HD/OHÀ values
Despite strong efforts to optimize the permeability assay, we were unable to eliminate variability between measured H þ /OH À permeability values of membranes composed of the same lipid. This variability, seen both in this work and in the literature (8, 16, 21, 25, 37, 41, 64, 65) , represents a limitation of the usefulness of P Hþ/OHÀ data (24, 26) . We have attempted to identify and minimize potential sources of variation inherent in the process of gathering P Hþ/OHÀ values, and we present a detailed discussion on this topic in Section S2 of the Supporting Material.
CONCLUSIONS
We have optimized a fluorescence-based H þ /OH À permeability assay by introducing a fitting formula that describes the entire kinetics of a step DpH-induced change of the interior pH of liposomes and by establishing an appropriate concentration of valinomycin (10 nM) to investigate permeability values in homogeneous lipid membranes containing synthetic archaea-inspired lipids. The lipid T32, which was tethered by a straight 32-carbon chain, produced membranes with P Hþ/OHÀ values similar to those of membranes composed of its untethered equivalent, U16, revealing that tethering does not affect P Hþ/OHÀ at room temperature. However, P Hþ/OHÀ values among tethered lipid membranes increased with increasing tether length if the number of carbons in the untethered acyl tail was constant. Further, monopolar lipids with two tails containing isoprenoid methyl branches form membranes with lower H þ /OH À permeability than those with one branching tail and one unbranched tail. In addition, MD simulations carried out in this work suggest that the penetration of water into the hydrophobic core of lipid membranes predicts their proton permeability. These results inform the design of synthetic bipolar lipid molecules for desired H þ /OH À permeability characteristics. 
